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Accomplishments-  September  1997  -  March  2001 

A.  Introduction-  An  Overview  of  our  Accomplished  Research 

A  total  of  14  papers  have  been  published  or  submitted  in  the  34  month  duration  of 
this  contract.  The  papers  are  related  to  two  distinct  areas  of  interest  to  ARO:  (l)The 
mechanism  of  the  photo-decomposition  and  photooxidation  of  environmentally  important 
molecules  on  Ti02  surfaces;  and  (2)  The  study  of  surface  phenomena  related  to 
nanotechnology,  with  a  special  focus  on  the  properties  of  single  walled  carbon  nanotubes 
(SWNTs). 

In  the  work  with  TiC>2  as  a  substrate  for  photochemistry,  we  have  investigated  the 
properties  of  both  single  crystal  Ti02  as  well  as  of  powdered  high  area  Ti02.  The 
measurements  on  the  single  crystal  TiC>2  permitted  the  determination  of  accurate  cross 
sections  for  model  photochemical  processes.  The  measurements  on  TiC>2  powder,  using 
infrared  spectroscopy,  were  able  to  disclose  aspects  of  the  mechanistic  pathway  for  the 
photochemical  reactions  by  means  of  the  spectroscopic  detection  of  surface  intermediate 
species  as  well  as  gas  phase  species.  The  skills  developed  from  the  study  of  simple 
adsorbed  molecules  such  as  NO  have  been  extended  to  the  study  of  dimethyl  methyl 
phosphonate  (DMMP),  where  its  destruction  either  by  hydrolysis  or  by  photooxidation 
has  been  witnessed  on  Ti02  powder  surfaces.  The  DMMP  molecule  is  a  simulant  for 
nerve  agents,  and  our  results  show  that  photooxidation  and  hydrolysis  are  both  routes  to 
the  destruction  of  this  class  of  compounds  on  TiC>2  surfaces. 

In  our  work  on  SWNTs,  we  have  studied  the  adsorption  of  Xe  in  the  interior  of  the 
nanotubes  and  have  measured  the  activation  energy  for  Xe  desorption.  Recently,  in 
separate  measurements  and  also  in  simulations,  our  measurement  of  the  Xe  binding 
energy  has  been  verified,  and  our  conclusion  that  the  Xe  is  adsorbed  in  the  interior  of  the 
nanotubes  at  the  measured  density  has  also  been  verified.  We  found  that  the  chemically 
cut  nanotubes,  prepared  by  Professor  Smalley’s  research  group,  are  highly  defective.  The 
defects  consist  of  oxygenated  carbon  atoms,  with  C-0  stretching  frequencies 
characteristic  of  both  -COOH  and  -C-O-C-groups.  Removal  of  these  groups  (mainly  as 
CO  and  C02)  by  heating  above  1000  K,  leads  to  opening  of  the  entry  ports  for  adsorption, 
giving  enhanced  adsorption  capacity  and  more  rapid  adsorption  kinetics.  Surprisingly,  on 
two  separate  nanotube  samples,  we  found  that  about  5%  of  the  carbon  atoms  comprising 
the  nanotubes  are  oxidized;  this  finding  indicates  that, the  walls  are  covered  by  oxidized 
carbon  atoms  at  approximately  a  5  atom  %  level.  Thus  the  walls  probably  contain  carbon 
vacancy  defect  sites  whose  boundaries  are  terminated  by  carboxylate  groups  and  by 
ether- type  linkages.  This  finding  indicates  that  the  electronic  properties  of  SWNTs 
prepared  in  this  manner  and  containing  these  high  densities  of  defects  will  likely  be 
strongly  altered  from  the  ideal  properties  expected. 

In  addition  to  the  two  main  thrusts  of  the  work,  we  have  also  carried  out  work  in  two 
other  areas  related  to  photochemistry  and  nanotechnology:  (1)  Recently,  it  was  reported 
that  cuprous  oxide  powder  was  effective  in  the  photosplitting  of  water  molecules.  We 
carefully  investigated  this  phenomenon  on  a  CU2O  film  produced  on  the  surface  of  a 
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Cu( 111)  single  crystal.  Absolutely  no  production  of  either  hydrogen  or  oxygen  gas  was 
detected,  and  very  low  limits  for  the  maximum  possible  cross  section  for  water 
photosplitting  were  established;  (2)  We  have  used  the  STM  to  produce  a  nanostructure 
from  the  decomposition  of  an  adsorbed  organometallic  molecule  under  the  tip.  Two 
different  mechanisms  for  this  process  were  discovered  and  characterized.  In  the  first 
mechanism,  electron  attachment  to  the  precursor  molecule  was  shown  to  make  pancake 
nanostructures  about  40  nm  in  width.  In  the  second  mechanism,  an  electric  field  under 
the  tip  (>0.2  V/A)  was  found  to  produce  sharp  nanostructures  about  8  nm  in  width.  This 
understanding  could  be  useful  in  the  generation  of  quantum  dots  for  research  purposes. 

B.  NO  Adsorption  on  Ti02  [1] 

NO  is  an  important  molecule  from  the  point  of  view  of  its  environmental  impact 
as  a  component  of  NOX  from  vehicle  emissions.  It  is  also  a  simple  molecule  capable  of 
detailed  investigation  theoretically  and  experimentally.  First  principles  calculations 
based  on  density  functional  theory  have  been  performed  to  determine  the  binding 
configuration  and  the  binding  energy  for  NO  on  the  TiO2(110)  single  crystal  surface.  As 
shown  in  Figure  1,  the  most  stable  configuration  is  a  tilted  one,  with  the  NO  molecules 
bound  to  surface  Ti  sites  as  Ti-NO  species. 


Figure  1.  Contour  plots  of  the  valence  electron  density  for  NO  chemisorbed  on 
TiO2(110) 
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The  calculated  binding  energy  of  the  NO  molecule  is  43.7  kJ/mol  at  one-half  the 
saturation  coverage.  Our  experimental  number,  determined  from  temperature 
programmed  desorption  fits  to  a  first-order  kinetic  model,  yield  an  activation  energy  for 
desorption  of  35.2  kJ/mole  in  the  limit  of  zero  coverage.  The  theoretical  calculations 
indicate  that  at  full  coverage,  an  N2O2  dimer  will  form,  with  the  cis-ONNO  configuration 
being  favored.  The  contour  plot  of  the  valence  electron  densities  for  the  dimer  species  is 
shown  in  Figure  2. 


Figure  2.  Contour  plots  of  the  valence  electron  density  for  N2O2  chemisorbed  on 
TiO2(110). 


The  temperature  programmed  desorption  of  NO  from  Ti02(l  10)  has  been 
investigated  as  shown  in  Figure  3.  Here  the  kinetic  fit  for  first  order  desorption  is  shown 
in  the  insert  to  the  figure. 
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Figure  3.  Temperature  programmed  desorption  spectra  for  15NO  chemisorbed  on 
TiO2(U0). 


While  most  of  the  NO  desorbs  without  reaction,  above  a  critical  NO  coverage  a 
small  part  of  the  NO  produces  N2O  upon  desorption.  Figure  4  shows  a  plot  of  the  yield 
of  both  molecules  versus  NO  exposure;  as  the  N2O  begins  to  be  produced  at  higher 
coverages,  there  is  an  associated  decrease  in  the  NO  yield.  It  is  likely  that  the  onset  of 
NO  dimer  formation,  predicted  in  the  density  functional  calculations  at  high  coverages,  is 
associated  with  the  N2O  product. 
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Figure  4.  15 NO  and  15N20  thermal  desorption  yields  as  a  function  of 15 NO  exposure  on 
TiO2(U0). 


C.  NO  Photochemistry  on  Ti02  [2] 

The  adsorption/thermal  desorption  studies  outlined  above  form  a  good  basis  for  the 
investigation  of  the  photochemistry  of  NO  on  Ti02  surfaces.  Figure  5  shows  the 
apparatus  used  for  the  photochemistry  measurements.  Ultraviolet  light,  (3.96  ±  0.07)  eV, 
was  incident  on  the  crystal  at  a  60°  angle  and  at  a  flux  of  6.3  x  1014  photons/s  cm2. 
Desorbing  gas  was  analyzed  using  a  line-of-sight  mass  spectrometer  enclosed  in  a 
pumped  shield,  and  containing  a  small  aperture  on  axis. 
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Distance(crystal  to  aperture)=4  mm 

Figure  5.  Apparatus  for  photochemistry  studies  on  TW2  single  crystals 

The  rate  of  photodepletion  of  the  adsorbate  may  be  determined  from  the  time 
constant  of  the  exponential  tail  in  the  desorption  pulse  achieved  by  suddenly  exposing  the 
crystal  to  the  UV  light,  as  shown  in  Figure  6.  Here  it  was  found  that  the  MAJOR  photo¬ 
product  was  not  NO,  but  instead  it  was  N2O.  The  initial  time  constant  for  the  depletion 
of  NO  corresponded  to  the  extremely  high  cross  section  of  1  x  10"15  cm2  for  the  depletion 
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process,  corresponding  to  a  quantum  efficiency  near  unity!  In  addition,  a  much  less 
efficient  process  yields  a  small  quantity  of  desorbing  NO  which  desorbs  in  the  later 
stages  of  N2O  production.  Kinetic  analysis  indicated  that  most  of  the  photoproduced  N2O 
remained  as  an  adsorbed  species  on  the  surface  at  118K. 


2  15NO(a)+hv - *-15  N20(g)+0(a) 


Figure  6.  NO  Photochemistry  on  TiO 2(110)  -  N2O  Production. 


The  photochemistry  of  NO  on  powdered  Ti02  was  also  investigated  using 
transmission  IR  spectroscopy  and  the  infrared  cell  shown  in  Figure  7.  Here,  by  inclining 
the  powdered  sample,  held  on  a  tungsten  grid,  at  a  45°  angle  to  both  the  IR  and  the  UV 
beams,  it  was  possible  to  simultaneously  witness  the  IR  developments  as  the 
photochemistry  takes  place. 
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Figure  7.  1R  cell  for  simultaneous  IR  and  UV  photochemistry  studies  on  TiC>2  powder 
[3]. 

The  IR  studies  on  Ti02  powder  confirmed  the  findings  of  the  single  crystal  study 
previously  shown.  NO  is  consumed,  and  accompanying  this  process  is  the  adsorption  of 
much  of  the  N20  produced  by  NO  photolysis  at  1 10  K,  confirming  the  conclusions 
reached  in  the  single  crystal  studies.  Figure  8  shows  the  simultaneous  loss  of  NO  mode 
intensity  at  1898  cm-1,  1869  cm'1  and  1734  cm'1,  accompanied  by  the  production  of  N20 
modes  at  2258  cm'1, 2237  cm'1, 1255  cm'1  and  1162  cm'1. 


Production  of  N20(a)  Consumption  of  NO(a) 


Production  of  N20(a) 


Figure  8.  NO  photochemistry  on  HO2  powder,  showing  NO  depletion  and  the 
concomitant  production  of  adsorbed  N2O  at  110  K. 


A  significant  understanding  of  the  penetration  of  the  UV  light  into  the  powdered 
TiC>2  interior  was  achieved  in  these  studies.  The  absorption  of  UV  light  by  crystalline 
Ti02  has  an  attenuation  length  of  only  about  200  A.  Yet  the  depletion  of  NO  occurs  to 
about  50%  in  these  measurements,  and  this  NO  must  come  from  a  depth  of  the  order  of 
200,000  A  which  is  about  V2  of  the  powdered  sample  depth.  This  observation  indicates 
that  UV  excitation  extends  deeply  into  the  powdered  sample,  probably  by  light  scattering 
in  the  powder.  THE  OBSERVATION  OF  DEEP  LIGHT  PENETRATION  MEANS 
THAT  APPRECIABLE  SURFACE  AREA  IS  AVAILABLE  FOR  PHOTO¬ 
CHEMISTRY  IN  POWDERED  TIO2  SAMPLES,  making  powdered  Ti02  an  efficient 
storage  and  photochemical  substrate  compared  to  expectations  based  on  the  absorbance 
of  UV  light  only  in  the  near  surface  region  of  Ti02  crystals.  To  check  that  surface 
diffusion  of  NO  from  the  interior  of  the  powder  to  the  near  surface  region  is  not 
responsible  for  this  effect,  a  photodepletion  experiment  at  1 10  K  was  interrupted  and  an 
annealing  procedure  at  124  K  was  then  carried  out  for  30  min  to  attempt  to  redistribute 
NO  to  the  surface.  If  this  had  occurred,  the  rate  of  photolysis  of  the  NO  would  have 
increased.  Figure  9  shows  that  the  rate  of  NO  photolysis  does  not  increase  after 
annealing,  nor  does  the  rate  of  N20  production.  Therefore  diffusion  of  NO  from  the  bulk 
into  the  outer  regions  of  the  Ti02  powder  is  unlikely  to  be  an  explanation  for  our  results. 
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Figure  9.  Photochemistry  of  NO  on  Ti02  powder.  A  large  decrease  in  the  NO 

absorbance  is  accompanied  by  an  increase  in  the  absorbance  of  the  N20 
product.  Annealing  does  not  cause  the  rate  of  loss  or  the  rate  of  growth  of 
the  absorbances  to  markedly  change,  suggesting  that  diffusional  effects  are 
not  at  work  during  photolysis.  A  model  involving  deep  penetration  of  UV 
radiation  by  scattering  through  the  particulate  bed  is  proposed. 


D.  Photochemistry  and  Hydrolysis  Chemistry  of  DMMP  on  Ti02  [4,5] 

The  methods  developed  for  the  study  of  NO  photodecomposition  on  powdered 
Ti02  were  applied  to  the  photooxidation  of  DMMP.  Prior  to  the  photochemical  studies, 
the  hydrolysis  of  DMMP  on  the  powdered  Ti02  surface  was  studied,  so  that  conditions 
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could  be  used  in  the  photochemical  studies  where  thermally  activated  surface  chemistry 
was  not  present.  In  other  words,  we  studied  the  hydrolysis  reaction  and  determined  that  it 
could  be  turned  off  at  low  temperatures,  making  studies  of  the  pure  DMMP 
photooxidation  process  possible. 


1.  Adsorption  and  Hydrolysis  of  DMMP  on  TiCh  [4] 


A  novel  method  to  spectroscopically  observe  the  diffusion  of  the  DMMP  molecule 
through  the  pore  structure  of  the  TiC^  powder  was  devised.  The  isolated  hydroxyl  groups 
on  the  Ti02  surface  bind  to  DMMP  molecules,  and  exhibit  a  large  frequency  shift  as  a 
result  of  their  hydrogen  bonding.  This  conversion  from  isolated  Ti-OH  groups  to  groups 
associated  with  the  DMMP  molecule  was  investigated  as  a  function  of  the  temperature  of 
the  system,  beginning  with  a  condensed  layer  of  DMMP  ice  which  existed  solely  on  the 
outer  surface  of  the  powder  deposit.  Figure  10  shows  the  gradual  penetration  of  DMMP 
into  the  pore  structure  of  the  TiC>2  powder,  causing  loss  of  intensity  of  the  isolated  Ti-OH 
groups  above  3600  cm'1,  and  the  production  of  the  associated  bands  centered  at  about 
3400  cm'1  (left  hand  panel.  Figure  10).  In  addition  a  softened  P=0  ••  -HO  mode  is 
produced  at  1210  cm'1  as  the  1242  cm'1  mode  due  to  P=0  motion  in  DMMP  ice 
disappears  (right  hand  panel.  Figure  10). 


Figure  10.  Migration  of  DMMP  into  the  pore  structure  of  HO2 

This  DMMP  association  process  with  surface  Ti-OH  groups  is  complete  at  200  K. 
Above  214  K,  a  second  reaction  occurs,  in  which  the  associated  Ti-OH-  •  -DMMP  species 
are  depleted.  The  isolated  Ti-OH  species  do  not  reappear,  indicating  that  we  are 
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observing  the  reaction  of  DMMP  with  the  surface  hydroxyls.  This  reaction  produces 
adsorbed  -OCH3  groups  which  have  a  characteristic  methyl  stretching  mode  at  2827 
cm'1  as  seen  in  Figure  11.  Other  new  vibrational  modes  are  also  observed  as  the  DMMP 
molecule  hydrolyzes  via  reaction  of  one  or  more  of  its  methoxy  groups. 


Wavenumbertcm'1) 


Figure  11.  Irreversible  hydrolysis  of  DMMP  on  TW2,  yielding  surface  methoxy 
groups. 


The  initial  adsorbed  structures  that  are  possible  for  DMMP  are  shown  in  Figure 
12.  We  believe  that  structures  (I)  and  (II)  are  most  likely,  based  on  the  spectral  shifts 
observed,  and  that  structure  (III)  is  unlikely  because  little  interaction  is  observed 
spectroscopically  leading  to  shifts  in  frequency  of  the  -OCH3  modes. 
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Structure  (I) 


Structure  (II) 
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Structure  (III) 


Figure  12.  Possible  adsorption  complexes  for  DMMP  on  TiC>2 


Hydrolysis  of  the  DMMP  occurs  via  the  methoxy  groups,  and  the  P-CH3  moiety 
remains  little  influenced  during  this  reaction.  Therefore,  the  final  product  of  hydrolysis 
at  486  K  is  likely  to  be  the  structure  shown  in  Figure  13. 
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Structure  IV(MMP) 


Figure  13.  Hydrolysis  product  ofDMMP  on  HO2 


2.  Photooxidation  of  DMMP  on  TiC>2  [5] 

The  work  above  has  shown  that  hydrolysis  of  DMMP  on  TiC>2  occurs  only  above 
214  K.  Therefore,  photooxidation  studies  were  carried  out  at  200  K  in  order  to 
investigate  only  the  photochemistry,  uncompromised  by  thermally-activated  hydrolysis 
chemistry.  Ultraviolet  irradiation  in  the  range  fro  =  2.1  -  5.0  eV  was  carried  out  on  a 
partial  monolayer  of  DMMP  adsorbed  on  powdered  T1O2.  Figure  14  shows  the  spectral 
developments  which  occur.  Both  the  CH3-P  and  the  CH3-O  modes  decrease  together  in 
absorbance  as  photooxidation  occurs,  indicating  that  the  photooxidation  process 
consumes  both  types  of  methyl-based  functional  groups  on  the  DMMP  molecule. 
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Figure  14.  DMMP  Photooxidation  on  Ti O2 


The  products  observed  are  adsorbed  CO  and  CO2  as  well  as  formate  species,  as 
shown  in  Figure  14.  After  long  irradiation,  evidence  for  the  production  of  associated  Ti- 
OH  groups  from  the  hydrogen  moieties  in  DMMP  has  been  seen.  We  also  observe  that  a 
residual  phosphate-type  species  remains  on  the  surface  following  photooxidation.  A 
schematic  of  the  photooxidation  reaction  and  the  products  is  shown  in  Figure  15. 


15 


Figure  15.  Schematic  of  the  Photooxidation  Reaction  of  Adsorbed  DMMP  on  HO2. 

E.  Adsorption  and  Photooxidation  of  CH3CN  on  TiC>2  [6] 

The  methyl  cyanide  molecule,  while  not  a  poisonous  compound,  presents  the  CN 
functional  group  which  is  of  interest  from  an  environmental  point  of  view.  This  molecule 
offers  the  opportunity  to  compare  the  rate  of  the  photooxidation  chemistry  of  the  methyl 
group  with  that  of  the  cyanide  group.  One  of  the  striking  features  of  the  photooxidation 
of  CH3CN  is  the  production  of  surface  Ti-NCO  species  as  an  intermediate  in  the  process. 
Without  showing  the  series  of  spectral  developments, .Figure  16  shows  clearly  the 
consumption  of  the  CH3CN  molecule  and  the  production  of  surface-bound  Ti-NCO 
intermediate.  The  Ti-NCO  is  itself  photooxidized  upon  long  exposure  to  UV  light  and 
oxygen  gas. 
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Figure  16.  Kinetic  plot  of  the  absorbance  due  to  parent  CH3C15N  and  product  lsNCO 
during  photooxidation  over  TiC>2. 


Since  both  of  the  functional  groups  in  methyl  cyanide,  CH3  and  CN,  contain 
carbon  atoms,  we  were  able  to  determine  which  group  was  more  reactive  to  produce  the 
final  oxidation  product,  CO2.  This  was  done  by  using  CH313CN  and  observing  with 
infrared  spectroscopy  the  isotopic  composition  of  the  evolved  CO2  gas.  Figure  17  shows 
a  curious  effect:  The  production  of  13CC>2,  originating  from  the  13CN  group,  is  delayed 
compared  to  12CC>2  during  the  photooxidation  reaction.  This  observation  is  consistent 
with  the  retention  of  the  Ti-NCO  species  on  the  surface  as  an  intermediate,  retarding  its 
conversion  to  CO2,  compared  to  the  CH3  group  which  is  more  quickly  oxidized 
photochemically . 
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Figure  17.  Kinetic  plot  of  the  production  of  isotopic  CO 2  species  from  the 
photooxidation  of  CH313CN  on  TiOz. 


Further  isotopic  studies  involving  18C>2  and  Ti1602  have  shown  that  the  abstraction 
of  a  lattice  160  atom  occurs  as  the  photooxidation  of  CH3CN  proceeds.  This  effect  is 
thought  to  occur  as  a  Ti-CN  species,  produced  as  a  result  of  the  preferential  oxidation  of 
the  CH3  group,  attacks  an  oxygen  site  on  the  surface  making  a  Ti-NCO  species  which  is 
observed  spectroscopically  to  be  produced.  A  schematic  reaction  mechanism 
summarizing  this  work  is  given  in  Figure  18. 
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Figure  18.  Schematic  of  the  proposed  mechanism  of  CH3CN  photooxidation  on  TW2. 

In  summary,  the  use  of  infrared  spectroscopy  to  understand  the  details  of  the 
TiCh-mediated  photooxidation  of  both  simple  and  complex  adsorbed  molecules  has  been 
successfully  demonstrated.  Surface-bound  intermediate  species,  different  elementary 
process  rates,  and  reactions  of  active  intermediates  with  the  Ti02  lattice  have  been 
observed.  In  addition,  by  careful  attention  to  thermal  processes  which  may  compete  with 
photochemical  processes,  we  have  been  able  to  experimentally  separate  the  two  by 
working  at  low  temperatures  where  thermal  processes  are  frozen  out. 

F.  Adsorption  and  Defect  Site  Measurements  on  Carbon  Single  Walled 
Nanotubes  (SWNTs)  [7-10] 

During  the  latter  portion  of  this  grant  period,  we  refocused  our  work  on  studies  of 
adsorption  inside  of  single  walled  nanotubes.  The  work  has  been  done  in  collaboration 
with  Professor  Richard  Smalley  and  his  students  and  postdoctorals  at  Rice  University. 
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They  have  supplied  carefully  characterized  samples  of  SWNTs.  The  procedure  devised 
at  Rice  for  cutting  and  opening  the  ends  of  the  nanotubes  involves  treatment  under 
oxidizing  conditions  (HNO3/H2SO4)  to  remove  non-SWNT  carbon,  followed  by 
HNO3/H2O2  treatment  for  cutting.  Figure  19  shows  the  length  distribution  of  the  opened- 
SWNTs  (o-SWNT)  as  measured  at  Rice. 


Length  (nm) 


Figure  19.  Length  distribution  for  o-SWNTs  prepared  by  HNO3/H2O2  treatment 
[7J. 


We  devised  a  version  of  the  temperature  programmed  desorption  (TPD)  technique 
to  study  the  adsorption  of  Xe  gas  in  the  nanotubes  at  95  K.  A  10-50  microgram  quantity 
of  sample  is  supported  on  a  Au-covered  Ta  support  foil  and  may  be  exposed  to  a 
molecular  beam  of  Xe  using  a  calibrated  and  collimated  doser.  The  sample,  after 
exposure,  is  rotated  to  the  mass  spectrometer  aperture,  and  TPD  is  performed.  High 
quality  control  experiments,  sampling  a  blank  Au/Ta  foil,  similarly  exposed  to  Xe,  are 
also  performed  for  each  experiment  to  assure  that  the  Xe  desorption  is  being  observed 
from  the  SWNT  sample.  The  apparatus  constructed  for  this  work  is  shown  in  Figure  20. 
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Figure  20.  Apparatus  for  using  TPD  to  observe  adsorption  in  SWNTs  [7] 

It  was  found  that  the  o-SWNTs  prepared  by  the  oxidizing  procedures  were 
capable  of  adsorbing  only  a  small  amount  of  Xe  at  the  exposures  employed  in  this  work. 
However,  upon  annealing  to  1073  K,  where  CO2  and  CO  are  observed  to  desorb,  the 
capacity  of  the  o-SWNTs  for  Xe  adsorption  increased  by  about  20  fold.  The 
experimental  Xe  desorption  data  are  shown  in  Figure  21  for  an  o-SWNT  sample  before 
and  after  activation  at  1073  K. 
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Figure  21.  Temperature  programmed  desorption  ofXe  from  o-SWNTs  [7] 


Transmission  infrared  spectroscopy  measurements  were  also  made  on  the  SWNT 
samples,  and  C-0  stretching  modes  assigned  to  quinone,  ether,  and  carboxylate  linkages 
were  observed  on  the  o-SWNTs  prior  to  1073  K  treatment  in  vacuum.  In  addition,  the 
-OH  mode  of  the  -COOH  groups  was  detected.  Most  of  these  modes  are  removed  upon 
annealing  to  1073  K  in  vacuum,  as  shown  in  Figure  22. 
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Figure  22.  Decomposition  of  oxygen-containing  functionalities  upon  heating  o 
SWNTs  in  vacuum  [8] 


It  is  apparent  from  the  information  above  that  the  -COOH  and  other  groups  are 
effective  at  blocking  Xe  adsorption.  A  schematic  diagram  of  the  blocking  action  of  these 
groups  at  the  ends  of  the  13.6  A  diameter  10,10  SWNTs  is  shown  in  Figure  23. 
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Figure  23.  Schematic  blocking  of  entry  ports  into  the  interior  of  o-SWNTs,  and  the 
removal  of -COOH  groups  by  heating  in  vacuum 


The  o-SWNT  samples  have  been  carefully  characterized  by  several  methods, 
including  XPS  which  detects  about  0.03  atomic  percent  O  still  remaining  after  1073  K 
heating.  The  most  informative  measurement,  using  Raman  spectroscopy,  shows  that  the 
expected  radial  vibrational  modes  of  the  SWNTs  are  not  influenced  by  heating  to  1073  K, 
as  shown  in  Figure  24.  This  means  that  the  annealing  has  not  destroyed  the  basic  tubular 
graphene  structure  of  the  SWNTs. 
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Figure  24.  Raman  spectral  comparison  ofo-SWNTs  before  and  after  heating  in 
vacuum  to  1073  K  [7]. 


We  performed  a  leading-edge  kinetic  analysis  of  the  Xe  TPD  spectra  in  order  to 
derive  the  activation  energy  for  desorption.  From  the  results  shown  in  Figure  25,  it  is 
seen  that  the  energy  versus  coverage  converges  to  a  value  of  26.8  ±  0.6  kJ/mol.  This 
value  is  higher  than  the  enthalpy  of  sublimation  of  Xe(s)  which  is  14.2  kJ/mol,  and 
reflects  the  extra  binding  energy  afforded  by  interaction  with  the  inner  SWNT  wall. 
Recent  molecular  simulations  [9]of  this  interaction  yields  an  adsorption  heat  of  23.5 
kJ/mol,  in  the  coverage  range  comparable  to  the  experiments,  in  excellent  agreement  with 
the  value  we  measured  experimentally  (26.8  kJ/mol). 
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Figure  25.  Activation  energy  for  Xe  desorption  from  o-SWNT  [7].  The  22.6  kj/mol 
calculation  was  done  for  zero  coverage  Xe. 


The  simulations  show  that  Xe  cannot  adsorb  appreciably  on  the  outer  surface  of 
the  o-SWNT  under  the  Xe  flux  conditions  employed  here.  Furthermore,  adsorption  in  the 
interstitial  regions  between  SWNTs  is  not  possible  for  the  Xe  atom  because  of  its  large 
size.  In  addition,  the  saturation  coverage  we  have  measured  at  95  K  (coverage  =  0.042 
Xe/C)  is  in  good  agreement  with  the  simulations  where  a  saturation  internal  coverage  of 
0.06  Xe/C  was  calculated  for  the  exposure  range  used'.  This  coverage  corresponds 
closely  to  the  density  of  Xe(s),  indicating  that  the  capacity  of  the  interior  of  the  o-SWNTs 
has  reached  its  maximum  possible  value. 

The  Xe  desorption  kinetic  curves  shown  in  Figure  21  display  a  common  leading 
edge,  independent  of  Xe  coverage.  This  is  indicative  of  zero-order  desorption  kinetics. 
Such  kinetics  are  usually  associated  with  a  phase  transition  in  the  adsorbed  layer  which 
drives  the  desorption  process.  Speculations  about  the  origin  of  the  zero-order  kinetics 
have  been  made  by  us,  involving  an  equilibrium  between  quasi  1-D  Xe  inside  the 
nanotubes  and  a  low  equilibrium  coverage  of  2-D  Xe  on  the  outer  surface  of  the  SWNTs. 
These  ideas  await  theoretical  examination. 
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There  is  much  interest  in  the  presence  of  defect  sites  on  SWNTs.  We  have 
devised  a  method  to  measure  the  atomic  fraction  of  these  sites  by  measuring  the  evolution 
of  CO  and  CO2  during  annealing  [10].  The  CO  and  CO2  evolution  is  compared  to  that 
produced  by  total  combustion  of  the  SWNTs  in  O2.  Annealing  to  1073  K  converts  the 
oxygenated  defect  sites  to  carbon-dangling  bond  sites.  These  measurements  were  made 
on  the  SWNTs  as  received,  and  also  after  sequential  reoxidation  of  the  carbon-dangling 
bond  defect  sites  with  O3.  It  is  found  that  about  5%  of  the  carbon  atoms  are  linked  to  O 
atoms  in  the  SWNT  material  from  the  Rice  group,  after  oxidative  acid  treatment.  A 
summary  of  the  data  is  given  in  Figure  26. 
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Figure  26 .  The  amount  of  carbon  evolved  as  gaseous  CO2  and  CO  following  various 
treatments  [10] 
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The  presence  of  5%  defect  sites  on  the  original  SWNT  samples  suggests  that  the 
use  of  this  type  of  material  as  a  basis  for  nanoelectronic  technologies  will  face 
difficulties,  since  the  assumptions  made  about  the  electronic  structure  of  the  ideal 
SWNTs  will  certainly  differ  from  SWNT  material  containing  this  large  fraction  of 
defects.  The  oxygenated  defects  must  be  located  both  at  the  ends  of  the  nanotubes  where 
free  carbon  valencies  are  available,  as  well  as  on  the  walls.  A  5%  oxygenated  defect 
level  could  not  be  achieved  by  oxidation  of  the  ends  alone. 

In  the  course  of  this  work,  we  have  employed  almost  pure  O3  to  oxidize  SWNTs. 
This  is  a  superb  method  to  titrate  the  carbon-dangling  bond  defect  sites,  and  transmission 
IR  spectroscopy  detects  the  formation  of  ester  and  quinone  groups  by  this  treatment. 
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Since  the  SWNTs  have  been  activated  at  1073  K  and  surface-bound  H  has  been 
eliminated  (mainly  as  CH4),  it  is  of  interest  to  see  that  -COOH  groups  are  not  produced 
by  the  O3.  The  development  of  the  oxygenated  surface  species  is  shown  in  Figure  27, 
where  the  infrared  spectra  show  these  spectral  changes  during  ozonolysis.  We  believe 
that  the  titration  of  surface  defect  sites  on  SWNTs  by  03  will  provide  a  chemical  handle 
for  functionalization  of  SWNT  material  at  these  sites. 


Figure  27.  Formation  of  oxygenated  groups  on  SWNTs  during  ozonolysis  [11] 


The  majority  of  the  oxidized  surface  functionalities  may  be  removed  by  annealing 
to  1073  K,  and  a  sequence  of  spectra  and  difference  spectra  are  shown  in  Figure  28  for 
the  temperature  range  473  -  1073 K. 
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Figure  28.  Thermal  decomposition  of  oxygenated  carbon  species  produced  by  O3  on 
SWNTs  [11]. 


The  capabilities  for  the  study  of  oxidized  surface  functionalities  on  SWNT 
material  has  been  extended  in  exploratory  studies  to  amorphous  carbon  and  soot  samples 
[12].  The  interaction  of  soot  with  O3  is  quite  interesting,  and  our  studies  have  clarified 
some  questions  which  have  existed  in  the  atmospheric/environmental  community.  Figure 
29  shows  an  infrared  spectral  comparison  between  the  ozonized  SWNT  material  and 
ozonized  amorphous  C.  It  is  of  interest  to  note  that  the  sharp  spectral  bands  seen  for  the 
more  well-defined  SWNT  material  may  be  associated  with  analogous  carbonyl  bands  on 
the  soot  which  are  much  broader.  This  is  probably  due  to  the  more  homogeneous 
character  of  the  SWNT  molecules  compared  to  the  ill-defined  amorphous  carbon 
material. 
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Figure  29.  Comparison  of  the  IR  spectral  for  ozonized  SWNT  material  and 
amorphous  carbon  material  [12]. 
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